INTRODUCTION
The hepatocyte growth factor (HGF; also known as scatter factor [1] ) is a pleiotrophic cytokine that was initially isolated based upon its ability to stimulate hepatic regeneration [2] . In addition to stimulating hepatocellular proliferation, HGF exerts a variety of other effects, regulating motility, tubule formation and cytotoxicity in multiple cell types such as endothelium, macrophages and fibroblasts [3, 4] . Although generally considered paracrine in action, HGF autocrine loops have also been demonstrated in selected normal cell types and in cancer [5, 6] .
HGF is produced as a latent, scHGF (single chain HGF) protein of approx. 100 kDa. Because the protein exerts diverse activities in a wide range of cell types, an important biological consideration is the mechanism by which it becomes activated. Various proteases cleave latent scHGF to its active two-chain form (HGF), including the u-PA (urokinase-type plasminogen activator), t-PA (tissue-type plasminogen activator), HGF activator, Factor XIIa, kallikrein, Factor XIa and matriptase [7] [8] [9] [10] [11] . There is also one protease known to inactivate an HGF splice variant consisting of the N-terminus and kringle 1 (NK1). When NK1, a mitogen for hepatocytes, is cleaved by Factor Xa it loses activity [12] .
Structurally, scHGF exhibits substantial similarity to plasminogen [13] . Thus the ability of the plasminogen activators, u-PA and t-PA, to activate scHGF was anticipated. Indeed, many groups have demonstrated that u-PA-mediated cleavage of scHGF is a biologically relevant mechanism in vivo [14] [15] [16] [17] . Nevertheless, reports are mixed regarding the ability of u-PA to generate HGF in vitro [7, 16, 18] .
The various studies that examined scHGF activation by u-PA in vitro utilized significantly different assay conditions. We hypothesized that these differences may explain the variability in results. To better understand u-PA-mediated cleavage of scHGF, we considered it important to reconcile the in vitro and in vivo results. Thus experiments were undertaken to determine whether scHGF activation by u-PA is regulated by solution conditions.
In the present study, we report that scHGF activation by twochain high-molecular-mass u-PA (referred to throughout as u-PA) is strictly regulated by ionic strength. Although scHGF is genetically similar to plasminogen, the effects of ionic strength on scHGF cleavage are not specific for chloride anions, as previously demonstrated for plasminogen [19] . Our studies also demonstrate that soluble MET (HGF receptor) and Su-PAR (soluble u-PA receptor) inhibit scHGF cleavage, a potentially important result given by recent evidence demonstrating that naturally occurring forms of Su-PAR are present in the plasma and extracellular spaces [20, 21] .
EXPERIMENTAL

Materials
Recombinant forms of soluble murine MET (527-ME), human u-PAR (u-PA receptor; 807-UK/CF) and human EpoR (erythropoietin receptor) (963-ER-050) were purchased from R & D Systems (Minneapolis, MN, U.S.A.). MET and u-PAR were 95 % pure as indicated by the manufacturer, whereas the purity of EpoR was listed as 90 %. scHGF was a gift from D. Kirchhofer at Genentech (South San Francisco, CA, U.S.A.). The preparation we refer to as scHGF actually included 60 % scHGF with the remainder in two-chain form. The two chain u-PA was provided by Dr J. Henkin and Dr A. Mazar of Abbott Laboratories (Abbott Park, IL, U.S.A.). Lmw-u-PA Abbreviations used: EACA, ε-amino-caproic acid; EpoR, erythropoietin receptor; HGF, hepatocyte growth factor; scHGF, single chain HGF; NaOAc, sodium acetate; u-PA, urokinase-type plasminogen activator; lmw-u-PA, low-molecular-mass u-PA; u-PAR, u-PA receptor; Su-PAR, soluble u-PA receptor. 1 To whom correspondence should be addressed (email wmars@pitt.edu). [22] . Based on these values, we calculated our preparations to be approx. 55 and 33 % active respectively. Concentrations of active enzyme are reported in the present study. Na 125 I, which was used to radiolabel scHGF, was purchased from Amersham Biosciences (Piscataway, NJ, U.S.A.). Iodo-BEADS were purchased from Pierce Biotechnology (Rockford, IL, U.S.A.). All other reagents were purchased from Sigma (St. Louis, MO, U.S.A.).
Radioiodination of scHGF
scHGF was radioiodinated as previously described [12] . An iodo-BEAD was prepared according to the manufacturer's instructions and used to label approx. 5 µg of protein. The reaction solution contained 400 µl of PBS and 1 mCi of Na 125 I. Radioiodination was allowed to continue for 10 min, after which time, the bead was removed and the reaction was quenched with 10 µl of saturated N-acetyl-tyrosine. Radiolabelled scHGF was resolved from free radioiodine by chromatography on Sephadex G-25. Collection tubes were pretreated with Sigmacoat and then with 1 % (w/v) BSA for 4 h at 37
• C. Specific radioactivities were 1-1.5 µCi/µg protein.
125 I-scHGF was stored at 4
• C and used in experiments within 10 days.
Cleavage of scHGF by u-PA and lmw-u-PA 125 I-scHGF (2.5 nM) was equilibrated at 4
• C in solutions that contained 0.02 % (w/v) protease-free BSA in 20 mM Tris/acetate (pH 7.4) and increasing concentrations of NaCl, NaOAc (sodium acetate) or KCl. Su-PAR, soluble MET, EpoR, EACA (ε-aminocaproic acid), amiloride or aprotinin were added as indicated. u-PA or lmw-u-PA (2-40 nM) was added and incubation was allowed to proceed for various times at 37
• C. The reactions were terminated by adding SDS-containing sample buffer that included 100 mM dithiothreitol, and heating to 65
• C for 15 min. SDS/PAGE was performed using 10 or 12 % gels. Radioactivity in specific bands was quantified using PhosphorImager analysis (Storm 860; Molecular Dynamics, Palo Alto, CA, U.S.A.).
RESULTS
Ionic strength regulates u-PA-mediated scHGF cleavage
There are substantial results supporting the hypothesis that u-PA-mediated scHGF cleavage is biologically significant in vivo [14] [15] [16] [17] ; however, in vitro studies have yielded variable results [7, 16, 18] . To explore this discrepancy, we studied the cleavage of 2.5 nM 125 I-scHGF by 15 nM u-PA in vitro under variable solution conditions. Figure 1 shows that our preparation of u-PA was primarily high molecular mass. The 125 I-scHGF preparation consisted of slightly more than 60 % scHGF, with the remainder already converted into hcHGF (heavy-chain HGF) and lcHGF (light-chain HGF) bands. In the presence of 150 mM NaCl, very little scHGF was cleaved by u-PA; however, as the NaCl concentration was decreased, scHGF cleavage significantly increased. In the presence of 15 mM NaCl, over 60 % of the initial scHGF was cleaved; however, the HGF was not quantitatively recovered in the light-chain and heavy-chain bands, most probably due to secondary cleavage events as previously reported [7] . Cleavage was solely the result of u-PA activity as amiloride inhibited the reaction, but aprotinin did not. Under non-reducing conditions, HGF migrated as a single band, irrespective of NaCl concentration (results not shown), indicating that both activating cleavage and secondary cleavage events occur at sites that are bridged by disulphide bonds and thus peptides are not lost. The effects of ionic strength on scHGF activation by u-PA were also examined in experiments in which the u-PA concentration (1-20 nM) or the time of incubation (up to 8 h) was varied. In every study, the finding that reaction rate varies inversely with ionic strength was confirmed (results not shown). Activation of scHGF by lmw-u-PA was also examined. This form of the enzyme was active, based upon its ability to cleave chromogenic substrate; however, 10 nM lmw-u-PA failed to cleave scHGF at all ionic strengths examined (Figure 1 ).
The effects of ionic strength are not specific to either sodium or chloride
Chloride anion specifically modifies the conformation of Gluplasminogen and as a result, Glu-plasminogen activation is inhibited [19, 23] . This activity is not mimicked by other anions. To determine whether a chloride anion specifically inhibits scHGF cleavage, the reaction was assessed in the presence of increasing concentrations of NaOAc (Figure 2) . A slight differ-
Figure 3 The effect of KCl is similar to NaCl
Radiolabelled scHGF with 15 nM u-PA was added to Tris/acetate buffer (pH 7.4) containing 25-125 mM NaCl or KCl and incubated at 37 • C for 5 h. Reaction products were run on SDS/PAGE gels, dried on filter paper and then exposed to X-ray film (Kodak XOMAT).
Figure 4 EACA fails to overcome NaCl inhibition
Radiolabelled scHGF and u-PA were incubated at 37 • C for 2 h in Tris/acetate buffer (pH 7.4) containing 150 mM NaCl and the indicated concentration of EACA. Reaction products were run on SDS/PAGE gels, dried on filter paper and then viewed using PhosphorImager analyses (Storm 860, Molecular Dynamics). C represents scHGF that has not undergone incubation.
ence in scHGF cleavage was observed in solutions that contained 150 mM NaOAc, compared with 150 mM NaCl; however, once again, cleavage was substantially increased by decreasing the NaOAc concentration. Thus the effects of salt concentration on scHGF cleavage are not specific to chloride anions. In separate experiments, the effects of cation concentration on scHGF cleavage were examined. Figure 3 demonstrates that equivalent results were obtained using either KCl or NaCl, indicating that the sodium ion is also not specifically responsible for the observed effect of ionic strength.
The inhibitory activity of chloride, in u-PA-mediated plasminogen activation, is counteracted by the lysine analogue, EACA, which binds directly to kringle domains in the structure of plasminogen [19, 23] . Although scHGF has not been reported to bind lysine, molecular modelling suggests the potential for a lysine binding in kringle [13] . Figure 4 shows that EACA did not affect 125 I-scHGF cleavage by u-PA in the presence of 150 mM NaCl.
The role of the MET (HGF receptor) and u-PAR in scHGF cleavage
The HGF receptor, MET, efficiently binds both scHGF and HGF; however, only HGF elicits a biological response [24] . Although u-PA may also bind to MET [16, 25] , the effects of this interaction upon scHGF cleavage are unknown. We studied scHGF cleavage by u-PA in the presence of soluble MET (10-250 nM). As shown in Figure 5 , under ionic strength conditions that optimize u-PA activity against scHGF (15 mM NaCl), 10 nM MET allowed scHGF cleavage to proceed while apparently inhibiting secondary cleavage events. Higher concentrations of MET (50-250 nM) substantially inhibited scHGF activation.
Previous in vivo studies suggest that u-PAR also may be involved in the u-PA-mediated activation of scHGF [14, 15, 26] . We studied scHGF cleavage by u-PA in the presence of 10, 25 or 50 nM Su-PAR. Assuming equilibrium binding conditions and a K D of 1.0 nM for u-PA-binding to Su-PAR [27] , these 4) containing 15 (A, B) or 100 (C) mM NaCl plus the indicated concentration of soluble MET or Su-PAR. Reaction products were run on SDS/PAGE gels, dried on filter paper and then viewed using PhosphorImager analyses (Storm 860, Molecular Dynamics). C represents scHGF that has not undergone incubation. The inability of an unrelated protein to prevent cleavage (50 nM EpoR, D) indicates that the protein interactions are specific, as opposed to a minor contaminant.
concentrations of Su-PAR would be expected to yield 31, 74 and 96 % of the u-PA in complex. The remainder of the u-PA would be free in solution. As shown in Figure 5 , rather than enhancing scHGF cleavage, Su-PAR inhibited cleavage under low-and highionic strength conditions.
DISCUSSION
HGF is a multifaceted protein that can induce a variety of responses including mitosis, migration, tubule formation and cytotoxicity. Although latent HGF can bind to its receptor with high affinity, signalling only occurs when the protein has been activated by cleavage [24] . Thus scHGF activation is likely to be under tight regulation. Although multiple proteases cleave scHGF, compelling evidence exists that u-PA is the primary protease responsible for producing mature HGF in vivo, in the liver [14, 15, 17] . Despite the fact that u-PA is a well-studied protein, the conditions regulating scHGF activation by u-PA are not clearly defined. Thus in vitro studies were undertaken to identify conditions that optimize the u-PA-mediated activation of scHGF.
Successful in vitro generation of biologically active HGF has previously been demonstrated [7, 16] . In both cases, the buffers used were relatively low in NaCl. Because increasing concentrations of chloride hinder the u-PA-mediated cleavage of plasminogen [23] and, because scHGF is structurally similar to plasminogen [13] , experiments were designed to test the hypothesis that the chloride ions interfere with the generation of HGF. No specific chloride effect was observed; however, a marked effect of ionic strength on scHGF cleavage was demonstrated. Both NaOAc and KCl proved to be equally effective substitutes for NaCl in inhibiting scHGF cleavage (Figures 2 and 3) . These results indicate that decreased ionic strength, rather than loss of a specific cation or anion, is responsible for optimizing scHGF cleavage by u-PA. Furthermore, we were able to demonstrate that the effects of ionic strength on scHGF activation by u-PA lead to real differences in biological activity. Generated HGF was used to stimulate serum-free, cultured, hepatocytes [15] . When equivalent quantities of scHGF were treated with u-PA in lowversus high-ionic strength buffers, a significant increase in thymidine incorporation was observed using the scHGF incubated with low NaCl (results not shown). These results provide a viable explanation for why u-PA functions as an in vivo activator of scHGF in the earliest stages of liver regeneration. In hepatic tissue, membrane depolarization occurs in conjunction with cellular swelling and is a very early consequence of the regenerative stimulus, probably in response to insulin [28] [29] [30] . The overall ionic strength of the pericellular spaces is probably lowered, subsequent to ions being actively pumped into the cells [30] . Hence, rapid ionic flux in response to injury may create a matrix milieu that favours scHGF activation by u-PA.
By affecting the conformation of plasminogen, EACA is able to override the chloride sensitivity of plasminogen during u-PAmediated cleavage [19, 23] . However, despite great structural similarity between scHGF and plasminogen, EACA was ineffective in overcoming the effects of ionic strength on the u-PAmediated cleavage of scHGF. EACA binds to the lysine-binding pocket regions found within kringles 1, 2, 4 and 5 of plasminogen [31, 32] . Although modelling studies indicate that there is a lysine-binding pocket in HGF kringle 2, comparisons between recognized amino acids from the plasminogen EACA binding regions and those from the homologous regions of scHGF indicate that EACA may not bind to the HGF kringles [13, 33] . Our results indicate that EACA has no effect on scHGF cleavage.
The present studies indicate that MET regulates scHGF cleavage by u-PA; however, the effects are mixed. Whereas, high concentrations of MET inhibited scHGF cleavage, low MET concentrations only prevented secondary cleavage events. Because these secondary cleavage events may compromise HGF activity, the overall effect of MET on scHGF activation may be situationspecific. As scHGF that is bound to its receptor is unable to signal, u-PA may be a direct modulator of MET signalling via the proteolytic activation of receptor-bound scHGF. Notably, MET and u-PA can be co-immunoprecipitated from liver that is induced to regenerate in response to PHx (partial hepatectomy). Furthermore, cross-linking analyses performed using carcinoma cell lines also verify their association [16] . Hence, it is reasonable to hypothesize that u-PA can modulate MET signalling by regulating cleavage of bound scHGF.
Our studies with soluble MET should be interpreted with caution. Sequence similarity between human, rat and mouse MET is high [34] . Furthermore, the binding constants for human HGF to both human and rat cells are similar [35, 36] . Nevertheless, there are no results formally demonstrating binding of human scHGF/HGF to mouse MET and, it is known that murine HGF is less adequate than human HGF in stimulating human MET [37] . As transgenic mice made using murine HGF are more likely to develop spontaneous tumours than mice made with human HGF [38] [39] [40] , species-specificity may have affected the concentration of soluble MET required to form complexes with HGF.
Under selective conditions, u-PAR may be co-immunoprecipitated with MET from hepatic membranes [25] . Although this interaction may be transient, its timing in the process of liver regeneration coincides with an increase in HGF, and is followed by an elevation in phosphorylated MET (at 5 min) [14, 25] . This finding has led to the hypothesis that u-PAR is a positive effecter of HGF generation. In the present study, we have shown that in at least some instances, Su-PAR may in fact decrease the ability of u-PA to cleave scHGF. As Su-PAR has been identified in the plasma, it may be a physiologically significant potential modifier of scHGF activation.
In summary, our studies have demonstrated that the ability of u-PA to cleave scHGF may depend upon changing conditions within the reaction milieu. Low-ionic strength promotes cleavage and scHGF activation. Differences in reaction conditions may explain why varying results have been reported previously, regarding the ability of u-PA to activate scHGF.
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